We study the correlation between the fermion composite system and quark spins by using the light-cone quark-diquark model. We do the calculations for u-quark and d-quark in the fermion system by considering the different polarization configrations of both. The contribution from scalar and axial-vector diquarks is taken into account. The overlap represenation of light-front wavefunctions is used for the calculations. The spin-spin correlations for u and d quarks are presented in transverse impact-parameter plane and transverse momentum plane as well.
I. INTRODUCTION
To get the precise information of hadrons in terms of its constituents, Wigner distribution of quark and gluon was introduced by Ji [1, 2] . Wigner distribution is the quantum phase-space distribution concealing the joint position and momentum space distribution on the internal structure of the hadron. As these distributions are quasi-probabilistic distributions, one cannot measure them directly. Applying the certain limits on Wigner distributions provide the probabilistic three-dimensional distributions namely generalized parton distributions (GPDs) [3] [4] [5] and transverse momentum-dependent distributions (TMDs) [6] [7] [8] . The reduction to GPDs is based on the integration of five-dimensional Wigner distributions over transverse momentum at zero skewness. While at the forward limit, i.e. when there is no momentum transfer from intial to final state of hadron (∆ ⊥ = 0), the TMDs can be obtained by integrating Wigner distributions over transverse impact-parameter co-ordinates.
Further integrating GPDs upon certain limits leads to obtaining parton distribution functions (PDFs), charge distributions, form factors etc. [9] [10] [11] [12] . Wigner distributions are also supportive for evaluating the spin-spin correlations between a spin- 1 2 composite system and a quark inside the fermion system. Theoretical studies on quark and gluon Wigner distributions in spin- 1 2 and spin-0 composite systems have been successfully carried out in Ref.
[ [13] [14] [15] [16] [17] [18] [19] [20] [21] .
The light-front spectator model is used to evaluate the Wigner distributions as it is successful in evaluating T-even and T-odd TMDs of the proton [6] . Since, the fermion composite system is considered to be a bound state of three quarks i.e. uud, the spectators are assumed to be scalar or axial-vector depending upon the spin i.e. either spin-0 or spin-1. In this work, we investigate the correlation between the quark spin and spin of fermion system by using the Wigner distributions evaluated in Ref. [21] . The quark Wigner distributions were calculated by considering the different configration combinations of quark spin direction and proton spin direction. The overlap representation of light-front wavefunctions is taken into account to evaluate the Wigner operators having different cases, depending upon the polarization of quark i.e. either unpolarized, longitudinally-polarized or transversely-polarized. The Wigner operator is associated with the Wigner distributions by a Fourier transformation of total momentum transferred to the final state of the system. Furthermore, we include the longitudinal polarization vector into the LFWFs along with the transverse polarization vector, and evaluate the Wigner distribution using the overlap form of these LFWFs. Afterwards, we take the difference between both respective Wigner distributions i.e. including the longitudinal polarization vector (ρ (a)l ) and by not including the longitudinal polarization vector (ρ (a) ). The aim behind the determination of differnce between the Wigner distributions is just to get the effect of longitudinal polarization vector in LFWFs.
The plan of the paper is as follows. In Section-II, we briefly discuss about the light-front quark-diquark model used. In Section III, the definitions of Wigner distribution in terms of polarization configrations of quark and spin- 1 2 composite system are given. Further, we introduce various spin-spin correlations between the quark and composite system in this section. Further, in Section IV, we evaluate the difference between the correlators related to the Wigner distributions in terms of overlap form of LFWFs for the cases where longitudinal polarization vector is taken into account as well as the case without longitudinal polarization vector. Also, the results of different spin-spin correlations are discussed. At last, the summary and conclusions are presented in Section V.
II. LIGHT-FRONT QUARK-DIQUARK MODEL
In the light-front quark-diquark model, the spin-
composite system is considered to be a bound state of a quark and a diquark. In this model, a valence quark interacts with the external photon, and the other two valence quarks bound together are treated as a single diquark state. Here, the diquark can be scalar (spin-0) or axial-vector (spin-1). The composite spin-
particle state |Ψ; S is defined as
Here, the scalar-isoscalar diquark state, vector-isoscalar diquark state and vector-isovector diquark state are denoted by |u s 0 , |u a 0 and |d a 1 respectively.
The hadronic light-cone Fock state |Ψ(P + , P ⊥ , S z ) expansion in terms of constituent eigenstates, is defined as [22] |Ψ(P
where
P + is light-cone momentum fraction and p ⊥i is the relative momentum of the ith constituent of the hadron. The helicity of ith constituent is denoted by λ i . The Fock states of n-particle are normalized as follows
As the system is considered as a two-particle system (a quark and a diquark), therefore, by substituting n = 2, the Fock state expansion for scalar diquark (|u s 0 ) leads to
Similarly, the expansion of axial-vector diquark component is expressed as
where the respective helicities of quark and diquark are denoted by λ q and λ D . Here, µ can be u-quark or d-quark and V denotes the axial vector diquark, either isoscalar or isovector.
The wavefunctions related to the scalar diquark are defined as [6] 
with
Similarly, the wavefunctions related to axial-vector diquark are defined as
The above wavefunctions for axial-vector diquark are defined corresponding to the lightcone transverse polarization vectors satisfying (±). * (±) = −1, (±). * (∓) = 0 and (P − p). (±) = 0 given below :
In addition to this, the third longitudinal polarization vector is also included with the transverse polarization vectors. It satisfies (0).
The light-cone wavefunctions corresponding to above longitudinal polarization vector are defined as
where M a , M and m are axial-vector diquark mass, spin-
particle mass, costituent quark mass.
III. WIGNER DISTRIBUTIONS AND SPIN-SPIN CORRELATIONS
The five-dimensional Wigner distribution of quark, also known as quantum phase-space distribution, is defined as [23] 
where the correlator
Here, Γ defines the Dirac gamma matrices and Γ = γ
The state of the composite system are defined in Eqs. (4) and (5) based on whether the diquark is scalar or axial-vector. By substituting Eqs. (4) and (5) in Eq. (16), one can get the overlap form of the Wigner distribution.
The phase-space distributions based on the configurations of various polarizations i.e.
ρ XY , where X defines the polarization of composite system and Y stands for the polarization of quark, are defined as [18, 19, 21] 
and finally the pretzelous Wigner distribution as
Here, in the subscript of Wigner distributions, U , L and T explains whether the quark or a fermion composite system is unpolarized, longitudinally-polarized or transversely-polarized.
To extract information about the correlation between quark spin and fermion system spin, the Wigner distributions of quarks in the proton having different helicities are evaluated.
and − → S = ΛŜ z , the longitudinal Wigner distribution of the quark in the fermion system having helicities λ and Λ respectively, is defined as
The above equation can be expressed in terms of polarization configurations of quark and proton as
For the quark Wigner distributions, considering the spin directions of quark and composite system to be in the longitudinal direction, the helicities Λ and λ take different forms i.e.
Λ =↑, ↓ and λ =↑, ↓.
Similar to the longitudinal Wigner distributions, the Wigner distributions for quark having the transverse polarization λ ⊥ =⇑, ⇓ in the composite system having transverse polar-
and − → S = Λ ⊥Ŝi is given as
In terms of polarization configrations, the above equation can be expressed as
Further, for the quark having spin in longitudinal direction and fermion system spin in transverse direction and vice-versa, the respective Wigner distributions ρ i Λ ⊥ λ and ρ
and
IV. RESULTS
Using the overlap form of LFWFs for axial-vector diquark, the difference between the Wigner operators for the case where longitudinal polarization vector is included and for the case where the longitudinal polarization vector is not included (from Eqs. (9) and (14)), we have
Further, the correlator W XY is related to the Wigner distribution as
where X and Y being the composite particle and quark polarizations.
In this work, the DGLAP region for quarks is used to evaluate the Wigner distributions i.e. 0 < x < 1. The respective momenta of initial and final state of struck quark in symmetric frame are defined as
The superposition of scalar and axial-vector diquark results into the quark flavors as [6] 
where the superscripts (s), (a) and (a ) denote the scalar isoscalar, vector-isoscalar and vector isovector diquarks respectively. The mass values and couplings for diquarks are mentioned in Ref. [21] .
We plot the Wigner distributions of the quark in the fermion system having spins in longitudinal direction, i.e. ρ Λλ . Here, we take two cases for the discussion on the longitudinal Wigner distributions: (i) spin direction of composite system and quark to be Λ =↑ and λ =↑ i.e. ρ ↑↑ , (ii) proton polarization Λ =↑ and quark polarization λ =↓ i.e. ρ ↑↓ . In Fig. 1 (a) and (b), we plot the longitudinal distribution ρ ↑↑ for u-quark and d-quark respectively. We for scalar diquark
for axial-vector diquark
We plot the quark Wigner distribution having respective longitudinal polarization of quark λ =↓ and fermion system Λ =↑ in Fig. 2 . The distortion is observed in impact-parameter plane which gets more noticeable at the increasing values of b ⊥ for u-quark and d-quark.
The effect of distortion is more in case of u-quark as compared to d-quark. In momentum plane, the distortion is seen at the center of the u-quark distribution. The distribution plots look nearly similar for Λ = λ and Λ = λ, as Eqs. (45) and (46) Since the distribution contributions from ρ U U and ρ LL are circularly symmetric (shown in
Ref. [21] ), the distortion appears in the plots of ρ ↑↑ and ρ ↑↓ due to the addition of terms ρ U L and ρ LU . In other words, the contribution from ρ ↑↑ is cirularly symmteric, because the interference of ρ U L and ρ LU is destructive, but when we add the axial vector part along with the scalar part to get the distribution of u-quark and d-quark in proton, the distortion takes place. Similar is the case of ρ ↑↓ , however here the unpolarized-longitudinal Wigner distribution and longitudinal-unplarized Wigner distribution interfere destructively in axialvector diquark case instead in scalar-diquark case, constructive interference is there. These interferences when added up accordingly, as Eqs. (45) and (46), cause the sideway shifts of 
T U and ρ T T , leads to the circular symmetric behaviour of distributions ρ ⇑⇑ and ρ ⇑⇓ for both quarks (as shown in lower panels of Figs. 3 and 4) .
Further, we plot the distribution ρ ↑⇑ in Fig. 5 , which describes the correlation between spin of quark λ ⊥ =⇑ and spin of composite system λ =↑. In impact-parameter plane, the distortion is clearly visible. This distortion is due to the Wigner distributions ρ U T and ρ LU as the dipolar distribution from these terms along b y and b x (shown in Ref. [21] ) adds up resulting in ρ ↑⇑ in this model. Similarly, due to these terms, distortion is observed in b ⊥ -plane in case of ρ ↑⇓ as shown in Fig. 6 . Because of the opposite transverse spin direction of quark in two cases, ρ ↑⇓ causes the distortion along negative b y while for ρ ↑⇑ , it is in the direction of positive b y . In momentum plane, we observe the distortion along negative p x for u-quark and d-quark when quark longitudinal spin direction is positive and proton transverse spin direction is positive (or negative). The observed distortion is more along negative p x in case of d-quark as compared to u-quark for ρ ↑⇑ , while for ρ ↑⇓ , it is more distorted in case of u-quark.
In Fig. 7 , we plot the distribution ρ Λ ⊥ ,λ , which explains the correlation between the transverse spin of composite system and longitudinal spin of quark, both along positive directions. Also the distortion comes from the correlation between the transverse spin of composite system along positive direction and longitudinal spin of quark along negative direction, shown in Fig. 8 . From Eq. (31), the distributions ρ U U , ρ 
V. CONCLUSIONS
We have presented the results of spin-spin correlations between the u-quark (or d-quark) and fermion composite system spins in light-front quark-diquark model evaluated from the Wigner distributions. The contribution from both the scalar and axial-vector diquarks is considered to get the distributions of u and d quarks. We consider the axial vector diquark to be further distinguished between the isoscalar or isovector depending upon the realistic analysis. First, we consider the spins of quark and fermion system in longitudinal direction i.e. λ and Λ respectively. Similarly, the correlation between transverse spin directions of quark (λ ⊥ ) and composite particle (Λ ⊥ ) is evaluated. Further, the different combinations are taken into account i.e. when quark spin is in longitudinal direction and spin of composite particle is in transverse direction and vice-versa i.e. ρ Λ ⊥ λ and ρ Λλ ⊥ . All these results are presented in transverse impact-parameter plane (b ⊥ -plane) and transverse momentum plane
